Introduction
The ternary system K 2 O-Al 2 O 3 -SiO 2 has received attention because of its fundamental importance to a broad range of disciplines and technologies including mineralogy, silicate ceramics and refractory applications. 1 This ternary system demonstrates high refractoriness, which is attributed to the existence of three potassium aluminosilicate compounds The most commonly used compound within this ternary system is leucite (K 2 O.Al 2 O 3 .4SiO 2 ) due to its optical properties [5] [6] [7] -the development of leucite inside glasses in this phase field does not hinder translucency, and the ability to remain entirely crystalline up to its melting temperature 8, 9 render it an excellent material for dental applications such as coating different metals and for resin bonded crowns and veneers. [10] [11] [12] [13] [14] [15] Kalsilite (K 2 O.Al 2 O 3 .2SiO 2 ) and leucite, due to their high refractoriness, are also used in geopolymers to enable their production as refractory castables. 16 Their physical behaviour is advantageous in respect to acidity, resistance to fire, compressive strength and they are considered as a possible improvement on cement and as a candidate material for the immobilization of hazardous wastes and low / intermediate level radioactive wastes. 17 
Leucite
Leucite (KAlSi 2 O 6 ) is a potassium aluminosilicate mineral that is found in volcanic rocks, has a congruent melting temperature of 1686°C and occurs in two different polymorphs . Peacor 18 showed that when natural leucite is heat treated at 635°C it crystallizes in cubic form ( Figure   1b ) which has an Ia3d space group. Palmer et al. 19 found that leucite forms a tetragonal phase at temperatures under 665°C and according to Mazzi et al. 20 at room temperature leucite has 3 an I4 1 /a space group (Figure 1a) . The above space groups for both polymorphs are confirmed by Walsh, Harrison and Redfern 21 .
Studies have reached somewhat different conclusions regarding the phase transition temperature and the exact phase change sequence for leucite. Peacor 18 showed that leucite transforms with a single transition from tetragonal, which is the low temperature form (I4 1 /a), to cubic which is the elevated temperature form (Ia3d). Later, X-ray diffraction experiments revealed the existence of two transitions, at 655°C and 675°C, 22 whereby tetragonal leucite (I4 1 /a) will transform to an intermediate phase (I4 1 /acd) before the final transformation to cubic leucite (Ia3d).
Potassium aluminium silicate
Potassium aluminium silicate (KAlSiO 4 ) occurs in different crystalline forms; according to Smith and Tuttle 2 the K 2 O·Al 2 O 3 ·2SiO 2 compound exists in three different crystal structure families: one orthorhombic and two hexagonal. Kalsilite and kaliophilite minerals correspond to the hexagonal form. 23 More recently, six different crystal structures have been confirmed, including synthetic and natural forms of kalsilite and kaliophilite. 24 Hexagonal kalsilite has a tetrahedral, open framework which appears to be isostructural with that of nepheline and tridymite, with a topological symmetry P6 3 /mmc. 25 Kalsilite's framework consists of sheets (001) of ordered SiO 4 and AlO 4 tetrahedra which form 6-membered rings (6mR) pointing alternatively up (U) and down (D). Figure 2a shows the structure of a single tetrahedral sheet of kalsilite. The stacking of the sheets along the c-axis is accomplished by connection by the apical oxygen atoms, which nominally lie on special positions on the threefold rotation axis. The tetrahedral 6mR are additionally di-trigonally distorted as the tetrahedra rotate around (001). The form of this rotation will be the same for 4 all the sheets of the P31c polymorph but with reversed form of rotation in the P6 3 polymorph among adjacent (001) sheets. 26 On the other hand, orthorhombic kalsilite (KAlSiO 4 -01) typically exhibits twinning and pseudosymmetry, and its crystal symmetry has been reported to be an average orthorhombic structure with Pnam and Pn2 1 m space groups. 26 Gregorkiewitz et al. 27 successfully produced KAlSiO 4 -01 via solid state synthesis and concluded that its framework topology is different from tridymite and its stuffed derivatives. It is built from sheets which consist of 6-membered rings of ordered SiO 4 and AlO 4 tetrahedra in the ab plane, but these ring topologies are not the UDUDUD sequence of tridymite. In the (001) plane there are two types of six-membered rings, UUDUDD and UUUDDD, in a 2:1 ratio ( Figure 3 ). These authors reported that 
Transformation of kalsilite to leucite
The transformation of kalsilite to leucite has attracted the attention of a number of researchers [29] [30] [31] but the exact mechanism remains unclear. As noted previously, leucite is an important mineral used in a wide range of applications, and particularly in the dental field. Elucidating the transformation mechanism of kalsilite to leucite could improve the existing synthesis methods, such as sol-gel 29 , salt bath 32 , solid state methods 33 , hydrothermal 34 and coprecipitation 35 by producing pure leucite via a more convenient and / or economical way. In some studies, in which leucite was synthesized, kalsilite was detected as a non-stable reaction 5 product that vanishes with prolonged heat treatment. Zhang et al. 36 reported that the formation of kalsilite is a transitional stage that leads to crystallization of leucite. In addition, other recent studies are consistent with the view that kalsilite is the precursor of leucite. [37] [38] [39] [40] [41] [42] Moreover, in some studies it is indicated that the prolonged heat treatment of natural or synthesized kalsilite at elevated temperatures will gradually lead to a complete conversion to leucite and this phenomenon is believed to relate to the high volatility of potassium. Figure 4 . All inorganic raw materials (Table 1) were weighed according to stoichiometry. The mixtures were melted in a submerged arc furnace for 1 hour at 2000°C. Samples were then poured onto a large steel plate and then annealed at 550°C to relieve internal stresses. Heat treatments of the glass samples were conducted in air using an electric furnace with schedules summarised in Table 3 . During the long-term heat treatment experiments (1-1000 hours) the samples were placed into the furnace at room temperature and the furnace was heated to the selected temperature (1250 °C) at a rate of 5°C per minute in air. Samples were then held at the maximum temperature for the relevant time period, then removed from the furnace at this temperature, at set time intervals with an accuracy of ± 2s
for 1min and 5min samples; ± 5s for 15min, 30min and 1h samples; ± 5min for the 24h sample; and ± 1h for the 500h and 1000h samples. Additionally, during short-term (1-30 6 minutes) experiments (Table 3 ) the samples were placed into the furnace at 1250 °C and then also removed at this maximum temperature. A wide range of heat treatment time (1 minute to 1000 hours) was selected in order to examine the formation and evolution of each crystalline phase. The rationale for the short-term experiments was to study the time needed for each composition to transform from amorphous to crystalline. Additionally, the long-term experiments were selected to explore the stability of each crystalline phase and the kalsiliteleucite transformation; and also to explore the possibility that kalsilite would completely transform to leucite upon prolonged heat treatment.
Activation energy determination by the Kissinger method
The activation energy for crystallization was determined from the exothermic peak temperatures on the DSC curves using the Kissinger method (Eq. 1) 44 .
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where a is the heating rate, E a is the activation energy, R is the gas constant, T 0 is the exothermic peak temperature in Kelvin and C is a constant. The activation energy is calculated from the slope of the line of ln(a/ܶ ଶ ) vs 1/T 0 using Fit Multi-Peaks function in the software package Origin.
The shape factor (n) of the exothermic peak is calculated by Eq. 2 45 :
where n is the Avrami constant and ∆T is the full width at half maximum of the exothermic peak. The value of the Avrami exponent provides information regarding the morphology of the growing crystals 46 . The value of n reveals the dominant mechanism of crystallization. 7 Smaller values of n indicate that crystallization is controlled by a surface crystallization mechanism instead of volume crystallization, and that the dimension of crystallization is low.
The Avrami parameter can be considered to comprise two terms: one that represents the 
Sample characterization
Quantitative elemental analysis was carried out with a PANalytical -Axios Advanced for XRF analysis of samples in the form of fused beads: 1.000 ± 0.002g of sample was carefully weighed and mixed with 10.000 ± 0.002g di-lithium tetraborate and formed into a transparent glass disc using an automatic bead making instrument.
Crystallographic evolution after variable heat treatment experiments was investigated by XRD at room temperature, with a diffractometer (model: Empyrean XRD, PANalytical™, Almelo, The Netherlands) equipped with a Cu tube operated at 40 kV and 40 mA, normally in the 2θ range between 5 and 100°, with 2θ increments of 0.013° and counting time of ~70 s per step. All samples were analysed using the reflection spinner sample holder, which spins at 0.25 Hz. All samples were crushed to fine powders using a mortar and pestle prior to measurement.
The thermal behaviour of the samples was investigated by non-isothermal differential scanning calorimetry (DSC Raman spectroscopy of glass materials was carried out to elucidate structure and to assist with determining the existence of residual crystalline SiO 2 in crystalline samples. Raman spectra were recorded with a Thermo Scientific™ DXR™2 microscope spectrometer equipped with a laser beam emitting at 532 nm, at 300 mW output power. The photons scattered by the sample were dispersed by a 1200 lines/mm grating monochromator and simultaneously collected on a CCD camera; the collection optic was set at 50× objective.
Results

Structural characterization
Heat treatment experiments of the glasses at 1250°C resulted in multiphase and single-phase crystalline reaction products occurring in the kalsilite-leucite phase fields. The heat treatment temperature was selected on the basis of the DSC results, which showed that the first crystallization event occurred for all the samples at approximately 1250°C. Additionally, the selected heat treatment temperature of 1250°C is below the liquidus temperature for all compositions studied, hence all compositions were expected to crystallise. For short heat treatment times (up to 24 hours), all compositions formed the primary phases expected from the K 2 O-Al 2 O 3 -SiO 2 phase diagram, 49 i.e. samples KAS-1 and KAS-2 formed leucite, KAS-3
and KAS-4 a mixture of leucite and kalsilite, and KAS-5 formed kalsilite. Prolonged heat treatment altered the phases present in some of the samples as discussed below. Heat treatment experiments were conducted to test the stability of leucite (KAS-1) and kalsilite (KAS-5) at 1250°C for up to 1000 hours and to further examine whether the development of 9 leucite could be achieved from the other samples. Sample KAS-2 formed only leucite so long-term (after 24 hours) experiments were not performed.
X-ray powder diffraction
According to XRD analysis ( Figure 5 and Figure 6 ), samples KAS-1 and KAS-2 are X-ray amorphous prior to heat treatment. After heat treatment at 1250°C for up to 1000 hours and 24 hours, respectively, they both formed only tetragonal leucite (ICDD 01-076-8737) without any phase transformation or development of second phases. 50 This suggests that leucite is a stable crystalline phase in terms of time at 1250°C. Crystallization of leucite occurs very rapidly, in less than 5 minutes for sample KAS-1 and less than 15 minutes for sample KAS-2. In the early stages of crystallization (< 24 hours) for sample KAS-5 ( Figure 10 ) hexagonal kalsilite forms, which then transforms into orthorhombic kalsilite with simultaneous formation of tetragonal leucite and hexagonal potassium aluminium oxide (ICDD 04-010-8954) which is also known as potassium doped alumina (KAl 11 O 17 ) or K-β-alumina 52 . The unstable nature of kalsilite is also described in other studies 29, 30, 36 which show that it probably acts as a precursor of leucite. Even for sample KAS-5, which has the kalsilite stoichiometry, a small amount of leucite forms after prolonged heat treatment. In the aforementioned studies which aimed to produce pure leucite (with silica-rich starting compositions), kalsilite crystallised first at lower temperatures (800°C) and transformed to leucite as the temperature 11 increased (900°C). It is important to stress that our study confirms that during the transformation of kalsilite to leucite, K-β-alumina is also formed. To our knowledge this has not been previously reported, and its formation may modify the properties of the products produced via the kalsite-to-leucite conversion. The main diffraction peak from K-β-alumina is at ca. 7 o 2θ: in the aforementioned studies where this phase transformation was examined, reported XRD data started from 10 o 2θ, which may explain why K-β-alumina has not previously been associated with the kalsilite-leucite phase transition.
Raman spectroscopy
Raman spectroscopy was used to characterize the structure of glass and crystalline materials.
Raman spectra (Figure 11a is more prominent in the spectrum for sample KAS-3 is attributed to impurities in the materials and, more specifically, residual or reaction product carbonate 56 . Oxide glasses with high K 2 O contents have the tendency to react with the atmosphere and form K 2 CO 3 . Figure 11b shows Raman spectra demonstrating the effects of heat treatment on glass samples which exhibit stronger, sharper Raman bands consistent with the existence of crystalline phases. All samples were fired at 1250°C for 24 hours before being analysed.
Samples KAS-1 and KAS-2 produce Raman spectra corresponding to tetragonal leucite 57 kalsilite. The presence of high frequency modes at 1000-1200 cm -1 could be related to residual aluminosilicate glass and could also be evidence of small amounts of residual silica in these samples.
Chemical characterization
Elemental analysis (XRF) revealed ( Table 4 ) that in samples KAS-1 and KAS-2, which have compositions in the leucite phase field (SiO 2 -rich), no potassium loss was observed after heat treatment at 1250°C. Additionally, for sample KAS-3, the next closest material to the composition of leucite, potassium loss was significantly lower (1.5 wt%) compared to the samples (KAS-4 and KAS-5) with compositions closer to the stoichiometry of kalsilite (2.7-3.6 wt%) for the same heat treatment conditions. 13 These results suggest that chemical stability is strongly connected with the starting composition and hence the amount of kalsilite formed at 1250°C, since apart from the starting chemical composition all of the remaining experimental conditions (electric furnace, temperature and heat treatment duration) and the analysis settings (XRF calibration and fused bead sample making) were identical for all the samples under investigation. It is important to note that even though the XRF results are presented as oxides, in the case of potassium loss it is unclear in which chemical form the potassium is volatilised or evolved.
Thermal analysis
Non-isothermal differential thermal analysis was employed to explore the crystallization behaviour of glass samples and determine the activation energy of crystallization. As depicted in Figure 12 , DSC curves show one strong exothermic peak related to the main crystallization event. The main exothermic peak for samples KAS-1, KAS-2 and KAS-3
relates to the development of leucite. For these three samples, a strong anomaly is observed just before the first crystallization event, which may relate to an endothermic event, probably a rearrangement of the structure of the amorphous phase. Also, moving from the leucite phase field glass samples KAS-1 to KAS-3, the first crystallization exotherm moves to higher temperatures. This is contrary to the kalsilite phase field glasses, KAS-4 and KAS-5, for which it moves to lower temperatures. The exotherm of sample KAS-1 at a heating rate 5°C/min was extremely weak so it was not included in the results presented here.
As depicted in all DSC curves, all of the exothermic peaks increase in intensity, become broader and shift to higher temperatures with increasing heating rate. According to Kissinger 44 and Speil et al. 58 the heating rate (ߔ =   ௗ்   ௗ௧ ), affects the temperature and shape of DSC peaks. The peaks become wider because at higher heating rates the spatial gradient of 14 temperature in the sample will increase. At a higher ߔ, the reaction in the sample requires less time.
According to XRD data, when samples KAS-3, KAS-4 and KAS-5 were heat treated at 1250°C the formation of the primary crystallization phase occurs rapidly and then a second phase appears at longer heat treatment times. DSC results (Figure 12f) show only one crystallization event for these materials as the formation of a second phase is both temperature-and time-dependent. For instance, in the case of leucite (KAS-1) XRD shows that kalsilite will develop first, at around 850°C, and then leucite will develop at higher temperature. However, for this to be accomplished the sample must be heat treated at this temperature for 1 hour, which explains the differences between the two measurements.
The calculated activation energy of crystallization varies considerably for the different samples. It is 579±8 kJ/mol for KAS-1 (stoichiometric leucite), decreasing to 473±1 kJ/mol, 364±1 kJ/mol and 360±1 kJ/mol for samples KAS-2, KAS-3 and KAS-4 respectively, then increasing again to 548±1 kJ/mol for sample KAS-5 (stoichiometric kalsilite), indicating that the formation of kalsilite is kinetically favoured. For the glass samples with intermediate compositions, the activation energies are much lower, as shown in Figure 13 , with the lowest activation energies (samples KAS-3 and KAS-4, 364 and 360 kJ/mol) determined for the samples which are compositionally furthest away from the stoichiometric compounds. It is believed 59, 60 that if the melt and the crystal are identical in composition, the crystal growth rate is controlled by interface reactions, but if the composition of the melt differs to that of the crystal, both interdiffusion and the interface reactions can control crystal growth which may explain the lower activation energies for the KAS-2 sample and particularly for the KAS-3 and KAS-4 samples. 15 The combined average shape factor (Avrami constant) was similar, as depicted in Table 5, for all sample data, which indicates that the crystal formation process for all samples is threedimensional growth and nucleation which follows the diffusion-controlled mechanism with increasing nucleation rate. 48 The three-dimensional nucleation and crystal growth mechanism for kalsilite and leucite samples has also been reported in other studies. 36, 37, 61 
Discussion
This study aimed to develop an understanding of the transformation mechanism of kalsilite to leucite, the thermal stability of both phases and the feasibility of producing leucite from different starting compositions. XRD analysis has demonstrated that kalsilite is unstable at elevated temperatures (1250°C) and will transform into leucite as a function of time, as also reported in the literature. (  ( (  (3 3 3 3) ) ) )
This mechanism shows that after prolonged heat treatment, kalsilite will completely transform to leucite, particularly in the case of stoichiometric kalsilite. In this case some of the ejected potassium will react with alumina to form K-β-alumina, and the remainder will 16 evaporate, according to Eq. 4. Again, it is not confirmed in which chemical form the potassium volatilises, but we have depicted it here as K 2 O. 4 4 4  4) ) ) )
The formation of potassium aluminium oxide, or K-β-alumina, has been confirmed by XRD for KAS-5 samples when heat treated at 1250°C and seems to be more applicable only for the samples that are stoichiometrically close to kalsilite. The formation of this K-β-alumina is related to the starting composition and the excess of alumina in the system and is not observed when leucite is formed from its stoichiometric mixtures. The formation of K-β-alumina, as described in Eq. 4, requires significantly more alumina than potassium oxide;
thus if this excess of alumina is not present, the ejected potassium may evaporate without K-β-alumina forming, as occurs in the case of sample KAS-4 sample, where even though the potassium loss is higher than for sample KAS-5, K-β-alumina is not formed.
(ii) The second hypothesis is that the transformation mechanism follows the reaction shown in Eq. 5:
This hypothesis is analogous to the crystallization mechanism of mullite as reported in literature. 62, 63 There, the first crystalline phase formed is spinel, which reacts with the SiO 2 -rich amorphous phase to form mullite (Al 6 Si 2 O 13 ) at elevated temperatures (1000°C). and the rest will evaporate as described in Eq.4. Both possible transformation mechanisms (i and ii) indicate that kalsilite is an unstable phase that with time will transform into leucite at 1250°C.
The second transformation mechanism is also possible in the case of sample KAS-1 (leucite composition) where at lower temperatures kalsilite is initially formed (Figure 7 ). XRF (Table   4 ) reveals that sample KAS-1 will not have any elemental alteration as a function of heat treatment time. Again, the first crystallization product is kalsilite at low temperatures, which will react with the SiO 2 in the amorphous phase to form leucite (Eq. 5). The starting glass compositions are potassium-deficient compared to kalsilite, which may explain why there is no loss of potassium in this case. XRD results suggest that these reactions will continue until all kalsilite transforms to leucite at elevated temperatures. As other studies in the formation of leucite have indicated, 31, 36, 66 having adequate crystallization kinetics, a metastable phase -in this case kalsilite -can form first. Indeed, Zhang et al. 36 determined by the Kissinger method 44 that the activation energy for crystallization of kalsilite is lower than that of leucite, which is consistent with the results of this work. According to Abbot 67 It is important to note that, as this study has shown, the formation of leucite is possible with any starting composition along the leucite-kalsilite tie-line; especially here for sample KAS-2 with leucite as the sole crystalline phase, the activation energy is significantly lower (by 100 kJ/mol) compared with sample KAS-1. This finding can have important implications for the production of pure leucite materials in future.
Conclusions
Heat treatment of glasses in the ternary K 2 O-Al 2 O 3 -SiO 2 system has revealed that kalsilite is an unstable phase at 1250°C and that it behaves as an intermediate precursor of leucite.
Leucite begins to develop from kalsilite either with increasing temperature for samples close to leucite stoichiometry or with increasing time at 1250°C for the samples close to kalsilite stoichiometry. Samples in which kalsilite is the main phase lose potassium after prolonged heat treatment (1000 hours) as opposed to samples in which leucite is the major phase formed at 1250°C, in which no compositional alteration was detected with time or temperature.
Two hypotheses have been presented regarding the phase transformation of kalsilite to leucite and the evaporation of potassium. In the first, potassium and aluminium are ejected from unstable kalsilite, resulting in a more stable phase which is leucite. In the second hypothesis, unstable kalsilite reacts with residual SiO 2 to form a more stable phase which is leucite. For both mechanisms, in the case of the stoichiometric kalsilite sample (KAS-5) the excess potassium evaporates, and some reacts with the additional aluminium oxide existing in the system (KAS-5) to form KAl 11 O 17 (K-β-alumina). Taking into consideration the results of this study, in combination with literature, it seems more likely that the second mechanism is 19 taking place during this phase transformation. Finally, production of pure leucite can be achieved with more favourable crystallization kinetics when starting with off-stoichiometric compositions.
